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ABSTRACT

Tagging experiments show that Rocky Reach Dam,
constructed on the Columbia River 7 miles above
Wenatchee, Wash., in 1957-61, has not appreciably
increased the time required for adult sockeye salmon
(Oncorhynchus nerka) to migrate to Zosel Dam on
the Okanogan River (a tributary to the Columbia River
above Rocky Reach Dam). Water temperature of the
Okanogan River is, however, a major cause of delay.

INTRODUCTION

If Pacific salmon (Oncorhynchus spp.) and steel-
head trout (Salmo gairdneri) are to reproduce
successfully, sufficient adults in spawning condition
must reach the spawning grounds. Consequences
can be serious if the migrants are delayed en route.
Thompson (1945) showed, for example, that of the
tagged sockeye salmon (Oncorhynchus nerka) that
had been delayed longer than 12 days at the Hell's
Gate rock slide on the Fraser River, British Colum-
bia, in 1941, practically none reached their spawning
grounds. He also suggested that lesser delays re-
duced the reproductive capacity of the fish.

Although they are equipped with facilities for
passing fish, hydroelectric dams on the migration
routes constitute another type of barrier which can
delay adults en route to their upstream spawning
grounds. To assess and find ways to minimize the
effects of these dams as they are built on the Colum-
bia River is a most important aim of the agencies
concerned with the salmon and steelhead resources
of the stream. One facet of this work is to detect
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Above 70° F., rising or stable Okanogan River tempera-
tures block the entry of the fish from the Columbia
River into the Okanogan River; falling temperatures
allow the migration to resume. Below 70° F., migra-
tion is not blocked by rising or stable temperatures.
Delay may reduce survival because it increases the
exposure of the sockeye salmon to other factors that
affect them adversely.

and minimize any delay of the adults as they migrate
upstream. The time required for adults to locate
and ascend fish ladders is sometimes reduced, for
example, by altering the spill pattern to improve
attraction to the ladders or even by modifying the
ladders themselves.

In this paper we show that Rocky Reach Dam,
constructed on the Columbia River, 7 miles above
Wenatchee, Wash., in 1957—61, has not appreciably
increased the time required for sockeye salmon to
migrate from Rock Island Dam (below Rocky Reach
Dam) to Zosel Dam on the Okanogan River, a
tributary to the Columbia River above Rocky
Reach Dam (fig. 1). We also illustrate how the
temperature of the Okanogan River periodically
blocks the upstream migration of the sockeye
salmon at the confluence of the Okanogan and
Columbia Rivers. '

This study originated as part of a broad program
to assess the cffects of Rocky Reach Dam on the fish
and wildlife resources of the upper Columbia River.
The program was developed by representatives of
interested State and Federal agencies and financed
by Public Utility District Number 1 of Chelan
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Ficure 1.—The Columbia River and the locations important to the present study.
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County, the builders of Rocky Reach Dam, in
accordance with the terms of Federal Power Com-
mission license number 2145. Biologists of the
Bureau of Commercial Fisheries were designated to
study possible delay because of their experience with
a similar investigation at Rock Island Dam in
1953-56 (French and Wahle, 1966).

The study underwent a major expansion as it
proceeded. Originally, the sole aim was to measure
delay, if any, caused to upstream-migrating adult
salmonids by Rocky Reach Dam. This aim was to
be accomplished by comparing the time required for
tagged sockeye salmon to migrate from the forebay
(reservoir) of Rock Island Dam to Zosel Dam, before
(1957) and after (1962 and 1963) the completion of
Rocky Reach Dam. If minimal influence by other
factors were assumed, any major change in travel
time could be attributed to the new structure.

French and Wahle (1960) summarized the “pre-
dam’ work (performed before the dam was built).
Because too few tagged fish were observed at Zosel
Dam in 1957, they estimated the travel time (10.7
days) from tagged sockeye salmon that had-been
released in the Rock Island Dam forebay and later
observed at Zosel Dam during the earlier (1953-56)
study.

The tagging results in the first “postdam” year
(1962) had a profound impact on our investigation.
Sockeye salmon migrating through the study area
were noticeably delayed—apparently by high water
temperatures of the Okanogan River. If a tem-
perature block were shown to exist, the assumptuion
of minimal influence by factors other than Rocky
Reach Dam would have been invalidated and the
straightforward comparison of “predam’ and “post-
. dam” travel times as a measure of delay ruled out
—unless the influence of the various factors could be
examined separately. It was necessary, therefore,
to confirm the existence of the temperature block, to
reexamine the estimated “predam’ travel time, and
finally to evaluate Okanogan River temperatures as
well as Rocky Reach Dam as sources of delay to
sockeye salmon in their upstream migration. These
expanded objectives greatly increased the complexity
of the “postdam’ phase of the study.

METHODS AND MATERIALS

The experimental procedure was as follows: (1)
determine, both hefore and after the completion of
Rocky Reach Dam, the time required for tagged
sockeye salmon to migrate from the Rock Island

MIGRATION OF SOCKEYE SALMON

forebay to Zosel Dam; (2) determine the time re-
quired for tagged sockeye salmon to migrate from
the Rock Island forebay to Rocky Reach Dam;
(3) examine the variability in passage time in
relation to Rocky Reach Dam and the flows and
temperatures of the Okanogan and Columbia Rivers.

Tagging experiments provided the answers to
items (1) and (2). For item (3), these same tagging
data were supplemented by counts of sockeye salmon
made at Rock Island and Zosel Dams in years when
there was no tagging.

SOCKEYE SALMON AS THE STUDY SPECIES

Observations were confined to sockeye, the only
salmon that can be intercepted in significant num-
bers above Rocky Reach Dam while still actively
migrating to the spawning grounds.

Most sockeye salmon that pass Rock Island Dam
are bound for spawning areas in the Wenatchee and
Okanogan River systems. Those that pass Rocky
Reach Dam are, on the other hand, mostly Okanogan-
bound fish, because the Wenatchee population leaves
the main Columbia River below Rocky Reach Dam.
After sockeye salmon pass Rocky Reach Dam, they
move to the mouth of the Okanogan River near
Brewster, Wash., and continue up the Okanogan
into Lake Osoyoos, where they remain until they
migrate to the spawning grounds, 10 to 15 miles
above the lake, in late September. We have as-
sumed that the Okanogan and Wenatchee popula-
tions pass Rock Island Dam simultaneously. The
close similarity in the shapes of the graphs of sockeye
salmon counts for Rock Island and Rocky Reach
Dams (examples of which are shown in figure 10; in
conjunction with other data) suggests that this
assumption is reasonable.

TAGGING

Sockeye salmon were tagged at Rock Island Dam
in 1953-57, before Rocky Reach Dam was con-
structed, and in 1962 and 1963, after construction.
The numbers of tagged sockeye salmon that were
later observed at Zosel Dam in 1953, 1954, 1962, ard
1963 are presented in table 1. The effort to observe
tagged sockeye salmon at Zosel Dam was so variable
and so ineffective in 1955-57 (for reasons given
later) that data for these years are not included.

The tagging procedure was the same each year.
Tagging was started when the daily count reached
about one thousand fish and continued until it
dropped to about one thousand near the end of the
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TasLe 1.—Number of sockeye salmon tagged at Rock Island
Dam and observed at Zosel Dam in 1953, 1954, 1962 and 1963

Observed
at Zosel Dam

Year Tagged at
Rock Island Dam

Number Number
1953 710 34
)£ 1,234 215
19B2.ecisinm e e 1,009 89
2963 o e e 730 193

run. In 1954 and 1963, tagging was continued for
periods of 2 to 4 consecutive days, separated by
intervening 3 to 4 day periods of no tagging. Tag-
ging was all at the end of the run in 1953 and was
confined to the middle portion of the small run in 1962.

The method of tagging was standard for these
studies. Tish were trapped at Rock Island Dam in
either the fishway or forebay (figs. 2 and 3), trans-
ported by tank truck to the release sites, tagged,
and released. Tagging time seldom exceeded 30
seconds per fish. .

Several types and colors of tags were used.

Petersen plastic disks were used alone in 1962 and
1963, but were used in combination with plastic bars
and vinyl streamers in 1953 and 1954. Nickel pins,
inserted through the body just below the dorsal fin,
provided the attachment. Tags were always ap-
plied in pairs, so that the same color and type of
tag showed on both sides of the fish.

STATIONS FOR COUNTING SOCKEYE SALMON
AND OBSERVING TAGS

Zosel Dam, which lies on the Okanogan River at
Oroville, Wash., 1 mile below Lake Osoyoos, is the
principal upstream location for the observation of
tagged fish. The dam, which forms a sawmill pond,
is provided with two fishways, each with a trap at its
exit for the capture of upstream-migrating fish.
Sockeye salmon were counted at Zosel Dam in
1935-37, 1944, 1952-57, 1962, and 1963. Since the
dam was modified in 1948, however, fish have been
able to pass upstream at certain water levels without
using the fishways. When stream flow exceeds the

Ireure 2.—TIishway trap, Rock Island Dam.
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amount required to maintain the desired pond level,
the surplus water flows either over the top of the
dam or is released under lifting gates. Increased
flow raises the water depth just below the dam and
thereby decreases the velocity of water flowing under
the gates. Under these conditions, we saw sockeye
salmon swim upstream under the gates, especially
when the water depth on the wooden apron just
below the dam exceeded 12-18 inches. Conse-
quently, the number of fish passing through the
fishways was not always a reliable index of the
number passing upstream.

Sockeye salmon have been counted and tags ob-
served (when present) at Rock Island Dam since
1933 and at Rocky Reach Dam since 1961. Com-
plete counts are obtained at Rock Island Dam.
During midsummer, when sockeye salmon are
migrating, the counting gates near the exits of the
three fish ladders are open during daylight but closed
at night. At Rocky Reach Dam, on the other hand,
the counting gate near the exit of the single fish

ladder is open 24 hours daily. Fish are counted 50
minutes per hour from 5 a.m. to 9 p.m. The 50-
minute counts are multiplied by 1.2 to estimate the
total hourly count. A nighttime correction factor
is obtained by counting 24 hours per day once a week.
All fish-count data from Rocky Reach Dam used in
this report have been corrected by both the hourly
and nighttime factors.

STREAM FLOW AND TEMPERATURE

The sockeye salmon migration between Rock
Island and Zosel Dams is marked by movement from
a larger, cooler river to a smaller, warmer stream.
Comparative data on stream flow and temperature
are, therefore, potentially important to this study.
Data provided by the annual surface-water reports
of the U.S. Geological Survey show, however, that
the flow of both the Columbia and Okanogan Rivers
generally decreases during July and August and has
no apparent effect on the migration of sockeye
salmon from Rock Island Dam to Zosel Dam.

Ficure 3.—Forebay trap, Rock Island Dam.
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Consequently, stream flow is not considered further
in our analysis.

It was immediately apparent, on the other hand,
from our first ohservations in 1962 that the water
temperature of the Okanogan River greatly influ-
ences the migration of sockeye salmon bound for
Lake Osoyoos. To understand the effects of tem-
perature better, we have assembled migration-route
water temperatures dating back to 1937. Tem-
perature was originally recorded by thermographs
or by hand-held thermometers. Daily averages
have been computed from the highs and lows on the
thermograph charts or from the 8 a.m. and 4 p.m.
thermometer readings.

LIMITATIONS AND ADJUSTMENTS OF THE DATA

Before proceeding, it is appropriate to review
certain limitations and adjustments of the data that
are potential sources of error.

Reliability of the Fish Counts and
Tag Observations at Zosel Dam

After 1948, varying proportions of the Okanogan
run passed Zosel Dam by means other than the
fishways, and the reliability of the counts and tag
observations recorded at Zosel Dam since 1948
varies accordingly. We used two criteria to deter-
mine which data were adequate for this study.
First, by comparing the counts at Zosel Dam with
estimates of numbers of fish on the spawning
grounds, we calculated the percentage trapping
efficiency for 1952-57 and 1962—years for which
both fish counts and spawning ground estimates
were available. These percentages, however crude,
are our hest estimates of trapping efficiency at Zosel
Dam. Second, we determined from the detailed
notes maintained hy the fish counters at Zosel Dam
whether the modal ecounts corresponded to the
modal numbers estimated to be passing the dam,

Estimates of trapping efficiency are shown in
table 2. The overall accuracy of the fish counts in
1955-57 was severely limited. Equally important,
the modal counts for those years did not correspond
to the modal numbers estimated to he passing the
dam. We have accordingly deleted the 1955-57
data from our analysis. Although trapping effici-
ency was not much higher in 1952, 1954, and 1962,
the modal counts agreed closely with the numbers
estimated by the counters to be available below the
dam. The data for 1952, 1954, and 1962 have heen
retained, therefore, and, together with the data of
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high-efficiency years, 1937, 1944, 1953, and 1963,
constitute the basis of our evaluation of the effect
of water temperature on the migration of sockeye
hetween Rock Island and Zosel Dams. Although
no spawning ground estimate was made in 1963, our
regular observations indicated a relatively high
trapping efficiency at Zosel Dam for that year. A
fish-tight weir enabled the counters to make complete
fish counts in 1935-37 and 1944. Although the
counts of fish were complete in 1935 and 1936, we
cannot use them here hecause there are no water
temperature records for those years.

TasLe 2.—Information on the cfficiency of the trapping system
at Zoscl Dam

Count of Spawning- Trapping
Year sockeye at ground efliciency
Zosel Dam estimnate!
Number Number Pereent
. 21 25, 000
67, 542 34, 2650 High
3,760 13, 206 B}
4,130 47, 930 9
66% 39, 256 2
2,019 25, 350 8
o4 8, 405 15

1 Tufts, Dennis F., and Donovan R. Craddock. 1963. Spawning
escapement of Columbia River sockeye salmon (0. nerka), 1962, U.S. Bur,
of Comun. Figsh. Biol. Lab., Seattle, Wash., 17 pp., Jan. 1963  (Processed).

Adjustment of the Tagging Data

French and Wahle (1960) estimated that, before
the construction of Rocky Reach Dam, 10.7 days
were required for sockeye salmon to migrate from
the forebay of Rock Island Dam to Zosel Dam.
Their estimate was based on a small sample of 30
tagged sockeye salmon that had been released just
ahove Rock Island Dam in 1954 and 1955 and later
ohserved at Zosel Dam.

To estimate migration time, we have used the
large numbers of tagged sockeye salmon (334 and
215) that were released just below Rock Island Dam
in 1953 and 1954, and later observed at Zosel Dam.
Tagged sockeye salmon were released above Rock
Island Dam in 1962 and 1963. An adjustment was
obviously necessary before the travel time to Zosel
Dam of tagged fish that had been released below
Rock Island Dam could be compared with the travel
time of tagged fish that had been released above
Rock Island Dam. We adjusted the data according
to the day or days when the number of tagged fish
which had been released below Rock Island Dam
peaked at the counting stations of Rock Island Dam.
The dates of these peaks were treated as dates of
release in the forebay. For example, sockeye that

U.S. FISH AND WILDLIFE SERVICE



had bheen released below Rock Island Dam on
August 2, 1953, peaked at the Rock Island counting
stations on August 4, 1953. In our analysis, there-
fore, we treated this tagged lot as though it had been
released in the Rock Island forebay on August 4.
This adjustment made it possible to treat all tagged
lots in all years as if they had been released in a
common location—the forebay of Rock Island Dam.

Water Temperatures Along the Migration Route

Records of temperatures are frequently lacking
from the Okanogan River at Monse and the Colum-
bia River at Brewster, near their confluence, but are
available instead from Oroville on the Okanogan
River and from Rock Island Dam and Bridgeport
on the Columbia River (fig. 4). Certain features
are clearly evident in figure 4. First, in July and
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Ficure 4.—Comparison of Columbia and Okanogan River
temperatures, 1945, 1951, 1952, and 1963.

August the Okanogan River is considerably warmer
than the Columbia River. Second, in terms of
trends (rises and falls over a period of several days)
the readings at Oroville and Rock Island (or Bridge-
port) reflect the situation in the two streams near
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their confluence. The absolute readings vary con-
siderably within a river, however, particularly in the
Okanogan River, where daily differences occasion-
ally reach 4 or 5° F. (neither station was regularly
the higher). Caution must be used, therefore, in
comparing the absolute readings from the Oroville
and Monse stations.

The methods we describe are not rigorous, and
our data are not precise. Yet we believe them to
be adequate for the purposes of this report.

. TRAVEL TIME BETWEEN DAMS

Travel time of sockeye salmon from Rock Island
Dam to Zosel Dam was estimated in 1953 and 1954
before Rocky Reach Dam was built and in 1962 and
1963 after construction. Travel time from Rock
Island Dam to Rocky Reach Dam was measured in
1962 and 1963, after Rocky Reach Dam was built.

TRAVEL TIME BETWEEN ROCK ISLAND
AND ZOSEL DAMS

In the examination of the basic tagging data for
this phase of the study (tables 3—4 and figs. 5-6),
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Ficure 5.—Number of tagged sockeye observed at Rock
Island and Zosel Dams after release below Rock Island
Dam in 1953 and 1954. The dates of release are designated
by triangles below the base lines and the number of fish
released is given in parentheses. Daily average tempera~
ture of the Okanogan River is given in the center panel.

attention should be given first to the years before
Rocky Reach Dam was constructed. In 1953 the
sockeye salmon that had been tagged below Rock
Island Dam on July 31, August 1, and August 2,
peaked at Rock Island Dam on August 2, 3, and 4
in that order, and at Zosel Dam 6, 9, and 9 days
later. The tagged fish that were released bhelow
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Ficure 6.—Number of tagged sockeye observed at Rocky
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forebay in 1962 and 1963. The dates of release are desig-
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Rock Island Dam in 1954 have been grouped be-
cause of the small numbers which were observed at
Zosel Dam. These grouped releases peaked at Rock
Island Dam on July 25, July 31, and August 7 and
at Zosel Dam 8 to 9, 7 to 8, and 7 to 8 days later.

After Rocky Reach Dam was built, certain
changes appeared in the travel time. Tagged
sockeye salmon that had been released in the Rock
Island forebay on July 19-20, 21-23, and 24-26,
1962, appeared in greatest numbers at Zosel Dam
on August 11-13, 7-13, and 7-12. Travel times for
the three groups were 22 to 23, 15 to 23, and 12 to
16 days, respectively. The travel times in 1963, on
the other hand, were similar to those before Rocky
Reach Dam was built—the releases of July 10-12,
17-18, and 23-24 appeared in greatest numbers at
Zosel Dam after 7 to 11, 8 to 12, and 8 to 9 days,
respectively.

TABLE 3.—Number of tagged sockeye salmon observed at Rock I'sland and Zoscl Dams after relcase below Rock Island Dam, 1953

and 1954
Date of observution
Date of Number Point
tagging tagged of July August
ohservations
) 21 [ 22123 |24 (125126127 |28]|20(|30|31]1 213 |4 5 6817|8910
1853
July 31 261 Rock Island\.. 27113) 9) 4) 2] 5 __.)_..
e e hEt el ;{oveli })iml { il b 1 S R [2 11
ock Island 0 18 | 24 Al 41 3
AT Looomeocce e 3 famﬂ Dom | sl ba bl | 3]
ock Island 22|16 &5 i
Auge 2 e 206 {Zosel Dam } o oo e e e el 1) 8 B
490 Rock Island). 114 11 1 |- 231 1| 3
Zosel Dam N 2 4 7 G| 3 1 1
301 Rock Islandl. - 35 31 51 2) 2] 1 1
%zmll 11)1"“ 1. S | & gg & | % }g
ock Island S R 2
- 353 | Zosel Dam A oo [ R A DU R

TasLE 3.—Number of tagged sockeye salmon obscrved al Rock Island and Zosel Dams after relcase below Rock Island Dam, 1953

and 195

4—Continucd

Date of observation
Date of Number Point
tagging Tagged of | August
ohservation
11 )12 |13 114 | 15|16 |17 |18 |19 20121 |22 |23 |24 (25|26 |27 |258]|29| 3031
1053 Rock Island 1
" ock Island).._|....|..-. R (R
Jaly 31 2 iZnscl bam {7V018 | 17 10773
Rock Island.._|-__.|..._| 1 1 1]
AUg Lo 2 |\ 70sel Dam (T2 210
Rock Islund|_._| 21 1] 2
Aug. 2 206 {Zoscl Dam J | sleriea| 5| 4
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ock Islund]... 2]
July 20-23- oo ooeeeecaeee s 490 i'/,oscl ]'):llm J [ -
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July 27-30 0 1Zosel Dam J___| &1 51 & 2|
353 JRock Island]_..| 4| 4| 4| 4 |-
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The travel times between Rock Island and Zosel TABLE 5.—Travel time of tagged sockeye salmon from Rock
Dams are summarized in table 5. In view of the Island Dam to Zosel Dam, 1953, 1954, 1962, and 1963

discrepant results of 1962 and the confinement of the Year Date of tagging! Best estimate
1953 tagging to the end of the run, the effect of of travel time
Rocky Reach Dam on the travel time between Rock Pre-Rocky Reach: Days
Island and Zosel Dams is best obtained from the L T y 9
records for 1954 and 1963. The travel times 9
tended to he slightly longer in 1963 than in 1954, =
but the significance of this small difference is Post-Rocky Reach: -8
questionable. R Tar n
In any event, the difference between travel times 12-16
in 1963 and 1954 is greatly overshadowed by the 1963 m
difference between 1962 and 1963, after Rocky l’“'y E r— 8-
Reach Dam was completed. The travel time in ! For 1953 and 1954, the dates are those when tagged fish which had

. . been released below Rock Island Dam reappeared in peak numbers at the
1962 was much the longer and varied erratically  counting stations of Rock Island Dam.

within the season—decreasing as the season pro-
gressed. This variability was not evident at Rocky tagged lots was orderly in both years (fig. 6). It is
Reach Dam, where the appearance of the various appropriate, however, to examine in greater detail

TasLe 4.—Nwmber of tngged sockeye salmon observed at Rocky Reach and Zosel Dams after release in the Rock Island Dam forebay,
1962 and 1963

Date of observation
Date of ‘Number Point
tagging tagged obser(:'ration Tuly
A 2] |slw]{is||20fan |28 2] 6|27 ]|28]|29(3|n

1962
Tuly 1020 oo | {Bocky Reuch). g A o s
Tuly 21-B e 433 | {Rocky Reach).
JUly 2426 oo 349 [}‘(‘}s‘:‘ﬁ){fg;'c“}

1963
Tuly 10412, oo 338 Rocky Reachl - Yislalal 3
e U Eé‘s‘i‘ﬁsi‘:i‘“"}: I el W - e E T T
S - 1| e e e e e P L R ] B 8

TABLE 4.—Number of tagged sockeye salmon observed at Rocky Reach and Zosel Dams afler release in the Rock Island Dam forebay,
1982 and 1963—Continued

Date of observation

Date of Number Point

tagging tagged obser(:!ation August

1234|567 [8F9(10(11 |12/ 13|14 (151617 [1R[19]|20(21 2223 |24(25(26(27(28
1an? »
- Roeky Reach| o |-_ oo |aooon deac]eoofoma]om e a]ea o ]-mn S RPN RPN VU P A
July 19-20 oo 177 1'{.{05&]{ D}l{m k!"" OSUNY RN NN OO N M I O MO O O OO SN NN OO
" ocky Reachl__. ) U RSP RO . T EVUORN AR U RO OO B ) Y (SRR R R Fo
July 2123 453 }’{.{oseli I)ﬁm ]!._._ R O o I e R A E R R E R R S O I
ocky Reachl.___| 1 [-.. . JRGEOES O 20 RO VU O RN R PR (R I
July 24-26.... 349 Zosel Dam [ {. ||ty s e {313 NN OO O
963

. Roeky Reach|_ o[ ]ooc]oca]aca] 1 jecc]emcon frofomclmm e c o clae e cfema e e fom e fe e e e e e o e e ] e e e s
July 10_12 """""" 338 Zosul)l)nm }____ . JUUUEN (RO RN N U VU N N JRUNUEN I N UUUUORN (RO PRIV PR JEVION B W RV PENNES S
Rocky Reach)_. U RN VU O SO [ - JR P Y (RN OO R R RO FS
July 17-18. o oeooeeee 219 [;nsull Dlym l{l“ U RN SR U RO U N S I | — [ N P b U O N S
- ocky Reachl____{ 2 |___ JRUUR R RN AP RPUY VU Y Y I [N EORDR VR (R RS (RPN (S
July 28-24- oo 173 {/osel Dam J____{9]5 _l-- RO RO VRO O OO O OO O I T I - ...l 2
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the movement of tagged fish between Rock Island
Dam forebay and Rocky Reach Dam in 1962 and
1963.

TRAVEL TIME BETWEEN ROCK ISLAND
AND ROCKY REACH DAMS

Fifteen lots of tagged fish were released in the
forebay of Rock Island Dam in the combined tag-
ging seasons of 1962 and 1963. The reappearance
of these lots at Rocky Reach Dam 15 miles upstream
varied little; 12 peaked on the second day, 1 on the
first day, and 2 on the third day after release.

We plotted the observations of tags at Rocky

Reach Dam by 4-hour intervals (fig. 7). Only the
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Ficure 7.—Number of tagged sockeye counted over Rocky
Reach Dam in different 4-hour periods during the 4 days
after release in the Rock Island forebay in 1962 and 1963.
The periods (shown at the bottom of the graph) were
5 am-9 am., 9 am-1 pm, 1 pm.-5 p.m., and 5 p.m.—
9 p.m. Counting was discontinued between 9 p.m. and 5.a.m.

tags observed during the first 4 days after release
have heen included because tagged fish became
scarce after the fourth day. Fish tagged on July
17 and 19-21, 1962, have not been included because
the precise time that these fish passed Rocky Reach
Dam was not recorded. The agreement of the data
for the 2 years is extremely close. For each release
the greatest numbers of tags were observed at 1 p.m.
to 5 p.m. on the second day after release. If we
consider 10 a.m. as the average release time and
3 p.m. (the midpoint of the 1 p.m. to 5 p.m. period)
on the second day out as the average time when
tagged fish passed Rocky Reach Dam, the modal
travel time was 53 hours. Diurnal consistency is
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also evident: seven times in eight the numbers of
tags observed increased from the first 4-hour period
(5 am. to 9 a.m.) to the second (9 a.m. to 1 p.m.),
peaked during the third period (1 p.m. to 5 p.m.),
and decreased during the last (5 p.m. to 9 p.m.).

The consistency of the data indicates that fish
passage was uniform and orderly at Rocky Reach
Dam in 1962 and 1963, and that the much greater
travel time from Rock Island Dam to Zosel Dam in
1962 must be attributed to longer travel time above
Rocky Reach. Thus, it is necessary to look to the
stretch between Rocky Reach Dam and Zosel Dam
for the causes of the slow travel time.

EFFECTS OF WATER TEMPERATURE ON
THE MIGRATION OF SOCKEYE SALMON

On August 1, 1962, after sockeye had failed to
appear at Zosel Dam despite high counts at Rocky
Reach Dam, the 133-mile migration route between
Rocky Reach and Zosel Dams was searched by
plane for schools of salmon. Despite optimum
aerial-survey conditions, not a single sockeye
salmon was sighted—evidence that the run had not
yet entered the Okanogan River.

On August 2, the following day, I (Major) visited
the area on the bank of the Columbia River im-
mediately adjacent to the confluence of the Okanogan
and Columbia Rivers—a traditional fishing site of
the Colville Indians. Of the 8 to 10 Indians
present, only 1 responded to questions. He ans-
wered that “blueback (sockeye) were milling in the
area and fishing was getting better every day.”

Sockeye salmon did not reach Zosel Dam until
August 7; at that time the eounter reported several
hundred below the dam and captured 155 in the
traps, including 15 with tags. 'Lag recoveries in-
cluded individuals from six of the seven lots. This
breakdown of the usual chronological order, and the
resultant mixing and accumulation of the various
segments of the run, indicated that the run had been
delayed. Information from the aerial search and
from the Indian’s report pinpoints the delay at the
confluence of the Okanogan and Columbia Rivers.

We hypothesized that the sockeye salmon had
been blocked from the Okanogan River by unfavor-
ably high water temperatures until a sharp tem-
perature drop on August 2-3 permitted them to
enter the stream on or about August 3 and to reach
Zosel Dam on August 7.

To examine the validity of the general hypothesis
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as it applies to all years, we shall use fish counts and
water temperatures along the migration route for
1937, 1944, 1952-54, 1962, and 1963 (table 6 and
figs. 8-10). For years when sockeye salmon were
tagged (1953, 1954, 1962, and 1963), we will re-
examine as part of the analysis the tagging data in
figures 5 and 6.

Although the data, particularly the fish counts
at Zosel Dam, are not precise enough for us to make
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a quantitative analysis of the relations involved, we
do have evidence pertinent to our hypothesis that
unfavorable water temperature (or related factors)
blocks the sockeye salmon from the Okanogan River
until falling temperatures allow the migration to
continue.

Figures 8 to 10 establish clearly the general
relation between temperature and movement of fish
in the Okanogan River. When fish are presumably
available to the river, highs and lows in the count at
Zosel Dam not evident in the counts at Rock Island
Dam or Rocky Reach Dam, regularly follow falling
and rising temperature in the Okanogan River.
This relation is particularly striking when the tem-
perature drop is preceded by prolonged high tem-
peratures. No influence of the temperature of the
Columbia River on the upstream migration of
sockeye salmon is apparent.

Knowledge of the normal travel time from Rock
Island Dam to Zosel Dam under favorable tem-
perature conditions is highly relevant to an under-
standing of the effects of unfavorable temperatures
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TaBLE 6.—Counls of sockeye salmon passing Rock Island, Zosel, and Rocky Reach Dams, and Okanogan and Columbia River
temperatures, 1937, 1944, 1062-54, 1962, and 1963

1937 1944 1952 1953
Dat Sockeye Temperature Sockeye Temperature Sockeye Temperature Sockeye Temperature
ate
Rock Is.| Zosel | Okan.| Col. (Rock Is.| Zosel | Okan.| Col, |Rock Is.| Zosel | Okan.| Col. |Rock Is.; Znsel | Okan.{ Col.
Dam Dam | River | River { Dam Dam | River | River | Dam Tam | River | River { Dam Dam | River { River
Number|Number| °F. °F. [Number|Number| °F. °F. INumberiNumber| °F, °F. INumber|Number{ °F. °F.
July 1.... 0 F: I P 66.5
R n 4 65.0
3. 0 8 70.0
4. 1 148 69.0
S__.. 1 50 70.0
1 ] 1.5
1 60 3.5
2 85 73.5
1 128 - 1.5
0 126 4.5
3 110 .5
13 58 .5
156 255 740
425 353 2.5
962 402 .0
1,317 455 .5
1,171 170 76.0
1,288 378 6.0
925 237 - 3.5
870 460 5
738 136 4.5
929 398 73.0
595 137 72.0
1,125 249 7.0
756 & 70.0
479 47 70.5
622 66 71.0
461 59 7.0
366 34 2.5
268 AN o 715
299 17 4.0 70.0

TaBLE 6.—Counts of sockeyc salmon passing Rock Island,

temperatures, 1937, 1944, 1952-54, 1982, and 1983—Continucd

Zoscl, and Rocky Reach Doms, and Okanogan and Colwmbia River

1937 1944 1952 1953
Date
Sockeye Temperature Sockeye Temperature Sockeye Temperature Sockeye Temperature
Rock Is.| Zosel | Okan.| Col. |Rock Is.!| Zosel | Okan.| Col. |Rock Is.| Zosel | Okan.| Col. |Rock Is.| Zosel | Okan.| Col.
Dam Dam | River | River | Dam Dam River | River Dam Dam | River | River Dam Dam | River | River
Number|Numhér{ °F, °F. [Number|Number| °F. °F. |Number]Number| °F, °F. |Number|Numbcr| °F, °F.
Aug. 1___. 198 404 70.5 66. 5 9 73.0 492 11 63.5 70.5 62.5
2. 62 343 71.0 65.5 28 75.0 1.3 3 A3.5 3.0 2.5
3.... 80 200 7L G6. 0 12 4.0 w7 1 63.5 73.0 63.5
4. 100 336 71.5 G6. 5 14 74.5 574 0 63.5 69.0 63. 5
5 .. 101 81 0.5 6h. 5 11 75.5 726 2 63.5 9.5 63.0
J— 7 60 70.0 66. 5 6] 20f.___._. 743 4 63. 5 75 63.5
[ 6 139 70.0 66. § 16 715 686 1 64.0 74. 5 63. 5
0 50 70.0 66. 0 20 71.0 788 0 64.0 71.0 63.5
190 35 1.0 66.0 4 (9.0 587 684.5 72.0 64.0
48 14 1.5 66. 0 0 m. 5 202 64. 5 72.0 645
47 4 7.5 66. 5 1 70.0 250 64. 5 73.0 63.5
21 13 4.0 7.5 20 N7 (... 408 65. 5 73.5 63.5
44 8 72.5 68.0 5 70.0 218 65, 0 75.0 6.5
2 2 P, 9.0 66.0 5 70.0 187 610 75.0 64.5
22 . ] 1i5. & 3 70.0 183 64.0 6.0 6. 5
44 | .8 65.5 7 69. 5 116 635 ™. 5 64.5
32 |. . 5 65.5 4 69. 5 101 63.0 2.0 65.0
38 |. 2 65. 5 3 70.0 138 63.0 725 65.0
70 46,0 1 /9.0 114 63.0 3.5 [ )
32 || TO.5|eceo-- 2 60.5 123 63.0 72.0 61.5
) 11 (R [ 67. 5 0 70.0 175 63.0 710 6.5
11 87.0 2 7. & 74 63. 5 720 /0
18 6.0 1 69, 5 42 63.0 69.0 6.0
12 65.5 1 70.0 76 62.5 67.5 6.0
8 64.5 3 68. 5 34 62.0 467.0 63.5
0 4.5 [} (9.0 46 62. 5 67.0 62. 5
6 4.0 1 69. 5 38 62.5 87.0 62.5
3 64.0 0 70.5 34 62,5 67.0 63.5
[ U VSRR [ 64.0 1 70.0 12 63.0 687. 5 63.5
79 - 64.0 0 72.5 14 ] 62,5 65. 0 63.5
b T R P, 63.0 1 70.5 9 20 omeeo - 62,5 70.0 64.5
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TABLE 6.—Counts of sockeye salmon passing Rock Island, Zosel, and Rocky Reach Dams, and Okanogan and Columbia River
lemperatures, 1937, 1944, 1952-54, 1962, and 1963—Continued

1954 1962 1963
b Sockeye Temperature Sockeye Temperature Sockeye Temperature
ate
Rock Is.| Zosel Okan. Col. [Rock Is.|Rocky Reach| Zosel Okan. Col. |Rock Is.|Rocky Reach| Zosel Okan, Coi.
Dam Dam River River Dam Dam Dam River River Dam Dam Dam River River
Number|Number| °F. °F. |Number] Number [Number| °F. °F. |Number] Number {Number| °F. °F.
_________ 40 285 121 57.5
_________ 16 287 131 |- 59.0
_________ 3 484 196 |- 59.0
_________ 36 521 299 | 59,5
_________ 54 1,023 406 |- 59.5
_________ 69 1,401 732 |- 50.5
56.5 90 1,719 1,123 |- 59.0
57.0 163 1,201 G602 |- 59.5
5.5 96 1,238 1,277 |- 59.0
57.0 140 1,819 807 58.5
56.5 262 1,971 1,426 | 59.0
57.0 389 2,893 1,337 |- 590. 5
57.0 416 4, 7 2,042 |- 50.5
57.5 A48 4, 548 2,981 |- 59.5
58.5 032 4,601 3,636 |_ 59. 5
5%.5 45 2, 086 2, 801 60.5
58.5 788 3,300 2, 367 60.5
58.5 1,272 2, 653 2,321 60.5
58.5 1, 587 3,572 2,171 6.0
8.5 1,733 3,116 2, SRR 819
58.5 2, 541 2,734 2,783 6L 5
58.5 2,133 2,725 2,127 61.5
59.5 1,702 1,814 2,308 61.5
59.5 1, 956 886 1, 601 80. 5
59.5 1,237 841 932 80.5
60.5 1, 544 475 438 60, 5
60.5 1,160 £33 315 60. 5
A0, 5 880 1,015 307 61.0
60. 5 853 1, 267 215 62.0
60.5 573 1,138 479 62.0
6.0 666 753 546 62,0

TaBLE 6.—Counts of sockeye salmon pnssing Rock Island, Zosel, and Rocky Reach Rams, and Okanogan and Columbia River
temperatures, 1937, 1844, 1952-54, 1962, and 1963—Continued

1954 1962 1963
» Sockeye Temperature Sockeye Temperature Sockeye Temperature
ate
Rock Is.| Zosel Okan. Col. [Rock Is.iRocky Reach| Zosel Okan, Col. |Rock Is.[Rocky Recach| Zosel Okan, Col.
Dam Dam River River Dam Dam Dam River | Riwver Dam Dam Dam River River
Number|Number| °F, °F. |Number] Number |Number| °F °F. |(Number| Number |Number| °F. °F.
RED 74.5 61.5 503 344 [ 76.5 82, 5 490 594 356 69.5 62.0
31 73.0 68L& 583 365 0 76.0 6l. 5 380 198 281 71.0 62.0
69. 0 61.5 480 208 0 70.0 62.0 491 484 305 71.5 62.5
6.0 61.0 360 242 2 70.5 62.5 706 327 248 73.0 63.0
(9. 5 61.0 273 400 2 69.5 B8l. 5 513 309 83 73.0 63.5
71.0 615 196 139 16 69.5 62,0 469 339 20 74.0 64.0
72.0 6l. 5 174 142 155 67.5 62.0 360 241 101 74.0 .0
7.0 62. 0 168 12 102 638.0 62.5 222 219 149 75.5 64.5
R8. 5 62.5 94 109 100 70.0 .5 242 183 3t 76.0 64.5
0.0 62.0 ] 7 Al 69.5 0 197 17 29 75.0 64.5
70.0 AL 5 116 61 135 70.5 .5 152 128 38 740 | e
0.0 Al 5 116 3 g 0.0 . 5 132 78 0 (LN 3 P
72.0 62. 5 100 31 46 70.0 .8 154 68 43 74.5 64.5
71.5 62.0 67 Al 11 71.0 .8 192 51 118 4.5 63.5
70.0 Al 5 153 50 31 3.0 .0 180 42 42 7.0 63.5
680 AL 5 101 46 17 7.5 L0 58 55 47 71.5 64.0
68. 5 61. 5 59 45 15 70.0 .5 74 37 12 71.5 63.5
69.0 62.0 65 54 3 69. 5 .0 70 10 159 72.0 3.0
A8.0 62.0 52 1R 14 710 Ai] R7 9 a57 69.5 A3.5
65.0 62. 5 13 18 6 70.0 52, 5 51 12 107 69.0 62.5
69. 5 62. 5 43 17 24 G8.5 5 71 16 36 68.0 62,5
69.5 62.0 61 22 D V. T 48 3 117 69.0 6.5
66. 5 6.5 38 | 1 20 (RS 55 4 141 67.0 2.5
05, 5 62.0 30 42 | . 33 4 166 66.0 62.5
65. 5 61. 5 38 ) 3 R R, 33 29 170 ... 62.5
85,5 60. 5 29 - 2 (SRR, F, 53 ] 125 — 62.0
H6. 0 61,0 i - J (R [ 28 2 108 - A3.0
67.0 61.0 39 £ R I 32 2 99 - 62.5
6R. 0 G1.5 38 L2 DU, S 2 9 48 —a- 62,
6u. 5 R1. 5 A6 ) 5 N (SO R, 13 49 | ____. - 63.0
6i.5 62.0 17 E- 2 (R P 12 25 | 63.5
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on the migration of sockeye salmon. As has been
brought out earlier, the travel time was 8 to 9,
7 to 8, and 7 to 8 days for the three groups tagged
in 1954 before Rocky Reach Dam was constructed.
In 1963, after Rocky Reach Dam was completed,
the most frequent time was 9 days. On the basis
of these travel times, we may assume that the
sockeye salmon arrive at the mouth of the Okanogan
River, 80 miles above Rock Island Dam or roughly
halfway on the 154-mile distance from Rock Island
Dam to Zosel Dam, on the fourth or fifth day after
passing Rock Island Dam. Accordingly, the re-
maining 3 to 5 days of the typical 8- or 9-day total
migration time are spent negotiating the 74-mile
route from the confluence to Zosel Dam.

Under this assumption, we can retrace the migra-
tion of certain segments of the runs in several years.
In 1937, for example, fish were abundant at Rock
Island Dam beginning July 13. Had the Okanogan-
bound segment of this run moved without delay, we
would have expected it at Zosel Dam beginning
July 21. Yet, the counts at Zosel Dam remained
practically nil until July 31—3 days after the
temperature of the Okanogan River hegan a sharp
decline. Prior to July 28, the temperature had heen
either relatively stable or climbing sharply; either
condition apparently delayed the fish-—some as
" long as 10 days.

The events of 1937 were essentially repeated in
1944; fish counts increased significantly at Rock
Island beginning July 13, 1944, but not at Zosel
Dam until August 3—5 days after the water tem-
perature decreased on July 29 and up to 13 days
later than expected. Then, following several days
of high counts, the number of sockeye salmon
arriving at Zosel Dam dropped sharply, finally
reaching a low of two fish on August 9. These low
counts corresponded with rising or stable water
temperatures. The count surged again on August
10—3 days after a sharp drop in water temperature.

Fish migration was similar in 1952, Counting of
fish began at Zosel Dam on July 15, but no sockeye
salmon were seen until the evening of July 20, when
seven were taken in the traps. The count increased
markedly the next day, and sockeye salmon were
relatively abundant the following 9 days. This
increased abundance of fish began 5 days after the
beginning of a temperature drop which eventually
lasted 9 days. Then, beginning July 25, the tem-
perature rose steadily until August 5, when it began
to decline. This second rise in temperature brought
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a second period of low counts which lasted until
August 10—5 days after the temperature fell on
August 5. Movement was suppressed a third time
by a general 6-day rise in temperature from August
8 to 13. A decrease of temperature on August 14
resulted in a surge of fish at Zosel Dam on August
18—4 days later. Thereafter, the temperature
dropped steadily and, judging by the counts, fish
migration through the area was unimpeded.

The counts at Zosel Dam in 1953 generally re-
flected the counts at Rock Island. This agreement
probably occurred because increases in water tem-
perature were short (2—4 days) and were followed by
falling temperatures during the time when the
greater portion of the run was migrating through
the critical area.

A late-season temperature rise on August 6-7,
1953, coincided with the arrival of tagged fish.
This event provides the first opportunity to study
the effects of water temperature in terms of a marked
segment of the population. For this analysis, we
need to refer to figure 5, which depicts the Okanogan
River temperatures and the movement of tagged
fish from Rock Island to Zosel Dam. On the as-
sumption that the normal travel time from Rock
Island Dam to the confluence of the two rivers is
4 to 5 days, we reason that some individuals from
the lot tagged on July 31 reached the confluence
on August 4 or 5, before the temperature rise of
August 6-7. These early arrivals peaked initially
at Zosel Dam on August 8. -The rising water tem-
peratures on August 6-7 suppressed entry of the
later arrivals into the Okanogan River until a drop
of temperature on August 8. This decrease of
temperature resulted in another surge of tagged fish
at Zosel Dam on August 11 to 12, and gave the
count of tagged fish at Zosel a bimodal distribution
not evident at Rock Island. Apparently, few fish
from the lot tagged on August 1 arrived at the river
mouth before the temperature rose; most arrived
during the rise of August 6 to 7 and therefore did
not appear at Zosel Dam until August 12— days
after the temperature fell on August 8. Similarly,
few fish from the lot tagged on August 2 arrived at
the confluence before the temperature rise suppressed
theirentry. Most of these fish arrived at Zosel Dam
on August 12 to 13—4 or 5 days after the tem-
perature drop.

The movement of the various tagged segments of
the 1954 run can also he retraced from figure 5.
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Fish released helow Rock Island Dam on July 20-23
peaked at Rock Island Dam on July 25, and at
Zosel Dam on August 2-3, 8 to 9 days later. From
these records we infer that most of the tagged fish
reached the Okanogan River on July 29, when the
temperature was just beginning to increase, and that
this increase did not suppress entry to the stream.
Similarly, the collective releases of July 27-30
peaked at Rock Island Dam on July 31 to August 1
and at Zosel Dam on August 8 On the assumption
of 4 days for travel, we estimate that most of these
fish arrived at the mouth of the Okanogan on
August 5-6 when the temperature began a new rise.
Again, however, migration was not affected. Final-
ly, the August 3-6 releases of tagged fish peaked at
Rock Island Dam on August 7-8 and probably
arrived at the mouth of the Okanogan River on
August 11-12, when temperatures were fairly
stable. These fish also appear to have migrated
freely through the Okanogan River. A possible
explanation of the normal progress of the migration
despite rising temperatures is given below in our
discussion of the 1963 migrations.

Temperatures of the Okanogan River were not
recorded in 1962 until August 1. High air tem-
peratures indicate, however, that the water tem-
perature almost surely had been rising prior to
August 1. Rising temperature would account for
the July 26 to August 5 lull in the count at Zosel
Dam (figs. 6 and 10). On the basis of counts at
Rocky Reach Dam, we would have expected the
arrival of sockeye salmon, both tagged and untagged,
at Zosel Dam during this interval. The arrival of
the fish at the mouth of the Okanogan River coin-
cided, however, with rising water temperatures, a
condition which apparently blocked their entry.

The 1963 migration progressed from Rocky Reach
Dam to Zosel Dam without major delay (figs. 6 and
10). Tag recoveries were orderly in contrast to
those of 1962; peaks at Zosel Dam followed com-
parable peaks at Rocky Reach Dam by 6, 6 to 8§,
6,7t09,06to9,and 6 to 10 days. Thus, migration
was normal in 1963, despite generally rising water
temperatures.

The abscnce of delay in 1954 and 1963, despite
rising water temperatures, focuses attention on the
importance of the level at which the temperature is
changing. For example, migration was unimpeded
by rising temperatures in the 62° to 69° F. range in
1963, hut was halted hy rises in the 75° to 78°, 70° to
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77°, and 74° to 78° F. ranges in 1952.2 Furthermore,
a temperature rise in the 73° to 78° F. range at
Oroville interrupted the migration in 1937, a year
in which occasional temperature readings taken at
Monse on the lower Okanogan River were even
higher than those at Oroville (Chapman, 1941).
On the other hand, the 1954 migration was ap-
parently unaffected by rises in the 68° to 70° F.
range. The dependability of the latter example is
subject to some question, however, because the
temperature readings were - recorded at Oroville,
not at Monse.

These several examples suggest a threshold tem-
perature of about 70° F., below which migration is
not affected, but above which rising or stable tem-
peratures inhibit migration—a condition which
endures until a sharp drop allows the migration to
resume.

We have not considered here a situation in which
fish enter the Okanogan River under favorable con-
ditions only to be confronted enroute by sharply
rising water temperatures. We have no data on
this aspect of the problem, but suspect that the
behavior and survival of the fish depend on several
factors, including: (1) their location at the time
they are confronted by rising temperatures; (2)
their ability to acclimate; (3) their size, general
health, and stage of maturity; and (4) the level to
which the water temperature rises.

RESULTS OF OTHER STUDIES AND
THEIR POSSIBLE BEARING ON THE
PROBLEM IN THE OKANOGAN RIVER

The environmental factors that control the migra-
tions of adult Pacific salmon have long been of
practical and theoretical interest to fishery biologists.
The literature gives many examples of environ-
mental influences that affect different populations
in ditferent ways. Rather than present another
review of the extensive literature on this broad
subject, a matter so capably handled by Hoar (1953)
and Allen (1956), we refer here only to the more
important papers that deal with the environmental
factors that influence the sudden mass movement
of migrating salmon.

Several investigators have found that rainfall and
streamflow affect the migration of adult salmon.
Pritchard (1936), and Davidson, Vaughan, Hutch-
inson, and Pritchard (1943), who studied pink

2 These temperatures, recorded at Monse, are not subject to the possible

error of estimating temperatures in the lower river from aetual readings
at Oroville,
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salmon (0. gorbuscha), and Hunter (1959), who
worked with pink salmon and chum salmon (0. keta),
concluded that entry into a river follows increases in
stream flow. Shapavalov and Taft (1954) noted a
correlation between the general periods of the
spawning runs of silver salmon (0. kisulch) and
rainfall. They further believed, but were unable to
demonstrate quantitatively, that fish movement
increased with a rise of stream flow. Allen (1956),
on the other hand, related the movement of silver
salmon and chinook salmon (0. (shawytscha) to
nighttime rainfall and low barometric pressure,
respectively. Ellis (1963) helieved that the entry
of silver salmon and sockeye salmon into rivers was
associated with the appearance of atmospheric
warm fronts over the estuary.

Only Foerster (1929) and Cramer and Hammack
(1952) attributed the sudden movement of salmon
to changes in water temperature. Foerster, who
reported on sockeye salmon at Cultus Lake, British
Columbia, noted that the numbers of fish arriving
at a counting fence synchronized closely with tem-
perature change; increases in the daily run accom-
panied declines in temperature. Cramer and Ham-
mack, who studied chinook salmon in Deer Creek,
a tributary to the Sacramento River, Calif., con-
cluded that at the close of a period of clear weather
and relatively cool water, sudden increases in water
temperature to 75° F. caused an upsurge of fish.

Andrew and Geen (1960}, in their appraisal of all
available information on the possible effects of dam
construction on the Fraser River, British Columbia,
devoted considerable attention to the effects of tem-
perature and delay on upstream-migrating salmon.
High water temperatures, they concluded, are detri-
mental to salmon in their upstream migration be-
cause they increase the rate of energy consumption
and the incidence of disease and parasites, and may
be directly lethal.

In the matter of delay, Andrew and Geen (1960)
cited Thompson (1945) as having shown that a
delay of 12 days at Hell's Gate (before construction
of the fishways) was sufficient to prevent sockeye
salmon from reaching their spawning grounds, and
that lesser delays reduced the reproductive capacity
of the fish. The same authors also referred to an
incident in the Fraser Canyon at Yale, British
Columbia, in 1955 where the early run to the Stuart
River was blocked 6 days by high water. Of an
estimated 30,000 to 33,000 sockeye salmon, only
2,170 reached the spawning grounds.
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The effect of delay on the productivity of salmon
has been illustrated by studies of fish passage at a
rock slide on the Babine River, British Columbia
(Godirey, Hourston, Stokes, and Withler, 1954).
Concerning this study, Andrew and Geen (1960)
stated:

. ... Tagging of fish below the point of difficult passage and
recovery of the tagged fish at a counting fence 40 miles up-
stream showed that some of the fish delayed below the ob-
struction were able to migrate to their spawning grounds but
relatively few were able to spawn successfully. Because fish
were delayed and weakened below the obstruction they were
not able to migrate at a normal rate after passing the obstruc-
tion. The effective spawning in 1952, when some sockeye
were delayed for extended periods, was estimated as 30 to 42
pereent. of the numbers of female sockeye that reached the
spawning grounds or 7 to 10 percent of the total escapement.
From 30 to 40 percent of the female sockeye examined on the
spawning ground died unspawned and others died after pass-
ing the obstruction but before reaching the spawning grounds.

The previous references indicate that salmon that
have been delayed enroute to spawning grounds
can be affected in two ways. First, some die en-
route to the spawning grounds and second, some
complete the journey but are unable to spawn
successfully. We conclude that temperature blocks
of the type outlined in this paper similarly affect
sockeye salmon bound for the Okanogan River
spawning grounds.

SUMMARY

Sockeye salmon were tagged at Rock Island Dam
and later ohserved at Zosel Dam on the Okanogan
River in 1953-54 and 1962-63. These experiments
were used to deteet any changes in the migration
time caused by Rocky Reach Dam, which was
constructed on the migration route during the
intervening years.

Travel time varied greatly, both between and
within years. The difference between 1962 and
1963 exceeded the difference between 1963 and
1953-54. The best estimate of the time required
for sockeye salmon to migrate from Rock Island
Dam to Zosel Dam is 7 to 9 days. barring major
delay due to environment. This travel time has
not been increased by Rocky Reach Dam.

Water temperature of the lower Okanogan River,
or factors linked with it, is by far the greatest
source of delay. Below 70° F., entry into the
Okanogan River is relatively unimpeded. Above
70° F., relatively stable or rising temperatures
delay entry until a sharp drop occurs.
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